SUMMARY
Anaesthesia and surgery are associated commonly with a decrease in body temperature [1] which returns towards normal in the postoperative period. In a recent study, Ramachandra and colleagues [2] investigated the effect on body temperature of different concentrations of three volatile anaesthetic agents: halothane, enflurane and isoflurane, given with 70 % nitrous oxide in oxygen. They demonstrated that the loss of body heat during surgery was related to the concentration and not the volatile agent used. Because of the design of their study they were unable to make quantitative comparisons between agents.
The effects of administration of nitrous oxide on various organs have been reviewed [3] . Because of its sympathetic stimulating action, nitrous oxide may antagonize, to some extent, the depressant cardiovascular effects caused by most volatile agents used in clinical practice [4] .
We are not aware of any detailed study on thermoregulation during anaesthesia and surgery when volatile agents are administered in an air-oxygen mixture. The aim of this study was, therefore, to compare the effects of different fractions of minimum alveolar concentration (MAC) of isoflurane and enflurane administered without nitrous oxide on body temperature during and after surgery.
PATIENTS AND METHODS
Approval for the study was obtained from the Hospital Ethics Committee. We studied 32 patients, undergoing elective total abdominal hysterectomy for menorrhagia, after informed consent was obtained. All patients were otherwise healthy.
Using a random number generated by a computer program designed by Wichmann and Hill [5] , each patient was allocated to one of four groups of eight patients, to receive an end-tidal concentration (mean (SD)) of 1 MAC isoflurane (1.13 (0.04)%), 1 MAC enflurane (1.67 (0.03)%), 1.8 MAC isoflurane (2.03 (0.04)%) or 1.8 MAC enflurane (2.98 (0.04)%). The decision to limit both enflurane and isoflurane concentrations to 1.8 MAC was dictated by the high incidence of profound hypotension and ventricular arrhythmias observed in a preliminary study with higher doses. A similar incidence of cardiovascular disorders was reported previously in human volunteers receiving 2 MAC enflurane without nitrous oxide [6] .
Premedication comprised i.m. papaveretum and hyoscine 1 h before operation. Anaesthesia was induced with thiopentone and tracheal intubation facilitated with pancuronium. The lungs were ventilated to normocapnia with a mixture of oxygen enriched air. The concentration of oxygen was monitored with a fuel cell oximeter and maintained at 35 %. Anaesthesia was maintained with the agent and concentration determined by the randomization process.
The end-tidal concentration of anaesthetic was measured continuously during the study using an anaesthetic gas analyser (Engstrom, Emma); calibration was checked in each experiment against volumetrically prepared standards.
After the skin was cleansed with chlorhexidine solution, patients were draped in the standard manner with sterile cotton drapes and only the head and operative site were exposed. No active warming or heat conservation measures were taken. Hartmann's solution was administered i.v., at room temperature, at a rate of 6 ml kg" 1 h~l during the period of study. Mean theatre temperature and relative humidity were 22.0 °C (range 20-24 °C) and 52% (34-68%), respectively during the study.
At the end of surgery, all patients were covered in a cotton sheet, blanket and bedspread and transferred to the recovery area, where they remained for the first 4 h after operation. Analgesia was provided as required with papaveretum i.m. Ambient temperature in the recovery room was maintained at 22.0-26.0 °C.
At induction of anaesthesia, a thermocouple probe was inserted in the aural canal and secured with cotton wool to exclude draughts. Aural canal temperature was measured as an indicator of core temperature. Skin temperature was taken from four predetermined sites which were marked: upper arm, nipple, mid thigh and calf. A sterile needle muscle temperature probe was inserted into the lateral portion of the quadriceps femoris muscle to a depth of 4-5 cm from the skin surface and approximately 15-20 cm above the knee. This probe was left in situ during the surgery and removed at the end of anaesthesia.
The temperature probes and the thermometer used (Comark Electronics) were calibrated against a National Physics Laboratory mercury in glass thermometer and found to be accurate to 0.05 °C.
Aural canal and skin temperatures were measured before and at the end of surgery, and every 1 h for the first 4 h after operation. Muscle temperature was recorded before and at the end of the operation. Mean skin temperature (MST) was calculated using the formula proposed by Ramanathan [7] :
MST (°C) = 0.3 (nipple temp. + arm temp.) + 0.2 (thigh temp. + calf temp.)
Mean body temperature (MBT) was calculated from an equation proposed by Colin and colleagues [8] :
MBT (°C) = 0.66 x aural canal temp. + 0.34 x MST Mean body heat (MBH) (kj) was calculated from MBT and corrected for body weight [9] : MBH (kj) = MBT x body weight x 0.83 (specific heat) x 4.186
Statistical analysis
Analysis of variance was performed for each of the body temperature measurements to compare the type and concentration of anaesdietic agent, the time of measurement of body temperatures and their interactions. Comparisons of time of measurement were made within subjects, whilst those of type and concentration of anaesthetic agent only were made between subjects. For analysis of aural canal temperature, mean skin temperature and mean body heat, the time of measurement was subdivided into non-orthogonal contrasts, estimating the changes in temperature during surgery and trends in temperature after surgery. The normality of residuals and the equality of residual variances were tested using Shapiro-Wilks' W test [10] and Schweder's test [11] , respectively.
RESULTS
The four groups were comparable in respect of patient and clinical data (table I) . Tachycardia and, occasionally, hypotension were observed after administration of 1.8 MAC enflurane. No major haemodynamic changes were reported with isoflurane. No blood products were required during the study. During the recovery period studied, all patients received one dose of papaveretum 15 mg i.m.
Changes in temperature during surgery
There were significant changes in temperature and MBH during surgery (P < 0.001) (tables II-V). These changes were found to be significantly different (P < 0.001) between the concentrations of anaesthetic agents for aural canal temperature, MBH and muscle temperature. The decreases in temperature during surgery were greatest in patients receiving 1.8 MAC of anaesthetic agent, for each of these three variables (table VI) . The decreases in temperature during surgery were found also to be significantly different (P = 0.027 and P = 0.026) between the types of anaesthetics for aural canal temperature and MBH, respectively. In both variables the decrease in temperature was greatest for isoflurane (table IV) .
There were no significant interactions between the type of anaesthetic agent, concentration and time.
Rewarming after surgery
Rewarming after surgery was analysed only for mean skin and aural canal temperatures, and MBH.
The temperatures at 1-h intervals after surgery were significantly different (P < 0.001). There were significant linear and quadratic trends in temperature in each of the variables (P < 0.001), showing that initially the temperature increased rapidly, followed by a slowing down of the rate of the increase.
The pattern of increasing body temperature after surgery differed significantly between concentrations of the anaesthetic agents, but did not differ significantly between type of anaesthetic agent for aural canal temperature and MBH. For aural canal temperature there was a significant difference between concentrations of anaesthetics for linear trend (P < 0.001) and quadratic trend (P = 0.022). During the first 1 h after surgery, aural canal temperature at 1.8 MAC increased to reach the same temperature as for 1 MAC ( fig. 1 ). For MBH, the linear trend was significantly different between concentrations (P = 0.017). MBH was consistently greater at 1.8 MAC than at 1 MAC, and the rate of temperature increase was greater at 1.8 MAC (fig. 2) . 
DISCUSSION
The present study showed that aural canal, mean skin and muscle temperatures decreased during surgery when either enflurane or isoflurane ananaesthesia was administered without nitrous oxide. The reduction in aural canal and muscle temperatures in the 1.8 MAC groups was significantly greater than that occurring in the 1 MAC groups, independent of the anaesthetic agent used. However, when the effect of the two vapours was analysed, isoflurane caused a significantly greater reduction in core temperature during surgery than enflurane. Anaesthetic agents contribute to negative thermal balance by interfering with normal thermoregulatory mechanisms at several sites, both central and peripheral [12] . The thermoregulatory response is thought to be dependent on the concentration and not the anaesthetic agent, as shown recently by Ramachandra and colleagues [2] . The results of the present investigation agreed with those of Ramachandra's group in demonstrating a relationship between concentrations of two volatile agents and intraoperative loss of heat. However, while both isoflurane and enflurane exhibited similar effects on core temperature (a decrease of 0.6 °C, at low concentration, during surgery) in their study, in the present investigation isoflurane in an air-oxygen mixture caused a significantly greater reduction in aural canal temperature and heat balance.
Several explanations for these results may be proposed. The nitrous oxide supplementation in the study of Ramachandra and colleagues could have affected thermoregulation. This might have been caused by the sympathomimetic effect of nitrous oxide in the presence of volatile agents; this would be expected to obtund the reduction in body temperature by antagonizing the vasodilatation produced, particularly by isoflurane. A twofold increase in skin blood flow during administration of either 1 or 2 MAC isoflurane in an air-oxygen mixture compared with the same MAC values in the presence of nitrous oxide in oxygen has been reported previously [13] . In contrast, Smith and colleagues [14] were unable to report similar differences in skin blood flow when nitrous oxide was added to enflurane. These authors concluded that nitrous oxide does not stimulate the cardiovascular system in the presence of enflurane as it does when added to other inhalation agents such as halothane [15] , ether [16] or fluroxene [17] .
Difference in the actions of isoflurane and enflurane could account for their different thermoregulatory effects during operation. Radiant heat loss, which is controlled by vasodilatation, accounts for the major part of intraoperative heat loss. Isoflurane, which has a greater vasodilator action than enflurane, would be expected to cause greater intraoperative reduction in temperature [18] . While thermoregulatory vasoconstriction might have occurred at low MAC of enflurane [19] , a critical level of thermoregulatory depression was perhaps exceeded with greater concentrations.
Skeletal muscle temperature was measured during anaesthesia and surgery in order to evaluate the effect of two concentrations of two different volatile agents on muscle thermogenesis. It is interesting to note that, on average, the temperature recorded in the quadriceps femoris muscle was 0.3 °C less than the aural canal temperature. While muscle is thought conventionally to represent a site at which energyrequiring processes occur, and therefore releasing heat, it is not clear if the smaller values observed in this study might be a result of the effect of neuromuscular blockers on muscle tone or reduced vascular perfusion [20] .
In the present investigation, the changes in muscle temperature observed during anaesthesia and surgery were related to the concentration and not the anaesthetic agent used. Isoflurane is known to cause a greater, dose dependent, increase in muscle blood flow than enflurane. However, the effects of isoflurane on muscle temperature were not evident in the present investigation. It appears, therefore, that measurement of muscle temperature, as an indicator of muscle blood flow during anaesthesia, must be interpreted with caution.
Body temperature in all groups returned to preoperative values after surgery. There was a significantly greater rate of rewarming in the 1.8 MAC groups compared with the 1 MAC equivalents occurring during the first 1 h of recovery as shown by the changes in aural canal temperature and MBH. With time, core temperature in the four groups approached preoperative values. The rate of change in mean skin temperature during recovery was similar for all groups, with the greatest increase during the first 1 h after operation. These results are in agreement with those of Ramachandra and colleagues [2] , who were unable to show any significant difference between these inhalation agents during the rewarming period.
